ABSTRACT: Sequence and timing of gametogenesis, embryogenesis and planulation by the coral Pocillopora damicornis at Rottnest Island, the southern limit of the coral's distribution in Western Australia, were examined by an intensive histological analysis. These corals are simultaneous hermaphrodites in which gametogenesis and planulation occur during spring and summer (Nov to Mar) and follow a lunar cycle. Reproductive cycles of gametogenesis and planulation by individual heads are synchronized within and, to a lesser extent, between sites. Individual heads of coral may have up to 3 cycles of maturing gametes and planulae per season. However, despite the intensive histological examination of gametogenesis, the developmental pathway leading to brooded planulae remains equivocal because oogenesis does not necessarily occur in synchrony with planulation.
INTRODUCTION
Recent works on the reproduction of corals by Fadlallah (1983) and Harrison et al. (1984) point out that the past emphasis on species which brood young is not the result of the predominance of the brooding mode of larval development within scleractinians in general. Rather, the emphasis results from the ease of detection of both planulae and planulation that has made such species attractive for studies of reproduction. However, many of the reproductive characteristics of brooding species remain enigmatic despite the attention paid to them (references in Fadlallah 1983) . One possible reason for this is that the appearance of planulae is so pervasive a feature, that many studies have not gone past descriptions of planulation in characterizing a species' reproduction. This has led to a situation where many generalizations have been based on inadequate data. Even in Pocillopora damicornis, arguably one of the most studied of corals, the generally accepted theory that brooded planulae are the end result of a sexual process, involving the internal fertilization of ova by broadcast sperm (Hyman 1940 , Connell 1973 , Campbell 1974 , Rosen 1981 , has been recently questioned (Stoddart 1983 ).
Present address: Australian Institute of Marine Science, PMB No. 3, Townsville M. C., Qld. 4810, Australia Stoddart (1983) demonstrated that the brooded planulae of Pocillopora damicornis in both Western Australia and Hawaii are produced asexually because young are genetically identical to their parent. Nevertheless, the genetical composition of populations of P. damicornis is compatible with an additional input from sexually-produced recruits (Stoddart 1983 (Stoddart , 1984a . On occasion then, the gonads of this species must either function in sexual reproduction that does not involve brooded planulae, or produce a planula sexually. This discovery of the dual mode of reproduction, involving brooded planulae and gonads, is not unique among anthozoans and parallels the situation in the anemones Actinia tenebrosa (Black & Johnson 1979) and Actinia equina (Orr et al. 1982) . In each of these situations the process which is especially unclear is the relationship between gonadal development and planular production.
This study of Pocillopora damicornis from Western Australia attempts to clarify the species' reproductive characteristics by a n intensive and extensive histological analysis conducted by repeatly sampling individually identified heads from 2 populations. In particular, our study addresses questions concerning (1) sequence of gametogenesis, especially the connection between gametes and planulae; (2) timing of gametogenesis; (3) synchrony of reproduction amongst heads within and between populations; (4) number of times a head reproduces per season.
MATERIALS AND METHODS
Samples. Samples were obtained from heads of Pocillopora damicornis at Salmon Point and Mary Cove, Rottnest Island, Western Australia (32"S, 115"301E), under 2 collection regimes. Initially, samples of 20 heads were taken at approximately monthly intervals from 10 Jan 1980 until 26 Oct 1982 at Salmon Point. Then, on 24 Nov 1982, 20 heads were mapped and tagged at this site and samples from each taken at intervals of from 4 to 30 d until 5 Apr 1983. These were called the PSP series. In the same manner, 11 heads from Mary Cove were sampled individually from 17 Aug 1982 to 5 Apr 1983. These were called the PMC series. All tagged heads were initially over 6cm in diameter.
Sampling involved breaking about 10 cm from the end of one branch from each head. On many occasions these were then kept individually in seawater overnight to detect shedding of planulae. After this, or directly after collection, the terminal 1 to 2 cm of either end of the branch was trimmed to leave approximately 5 cm of the intermediate segment, which was placed in Bouin's fluid. Branches were trimmed to eliminate non-reproductive tissue from samples, as both Harrigan (1972) and Stimson (1978) found intermediate branch segments to be more fecund than either tips or bases of branches.
Technique. Pieces of coral were decalcified over a number of weeks in one or two changes of Bouin's fluid. A layer of tissue was then removed from the underlying skeleton and embedded in paraffin wax. Tangential sections were cut at 6 pm thickness and stained using Gill's haematoxylin and alcoholic eosin. During light microscopy of sections, sperm and ova were both classified into 4 sequential stages (see 'Results'). An estimate of the abundance of these stages was made by counting the number of polyps containing each stage. Approximately 40 to 60 polyps were examined for each coral head. After a stage had been recorded in 5 polyps, its further occurrences were ignored, resulting in 6 possible levels of abundance for each stage (i, e. occurred in 0 polyps, 1 polyp . . . or, 5 + p0lYPs).
Lunar Period. Calender dates of samples were assigned a lunar date using moon phases read from The Astronomical Almanac (Anonymous 1980 (Anonymous -1982 and The Star Almanac (Anonymous 1983) . Day 1 of the cycle was taken to be the first day of new moon.
RESULTS
Pocillopora damicornis from southwestern Australia is a simultaneous hermaphrodite, with ova and sperm commonly seen in the same polyp. Ovaries were situated on stalks projecting into the coelenteron, as reported for P. damicornis from the Great Barrier Reef (Harriot 1983) . However, testes appeared as outgrowths of mesenteries, although this was not always apparent in transverse sections of polyps, as not all of a large testis was connected to the mesentery.
Six pairs of gonads were present within a polyp and sperm substantially outnumbered ova in terms of the volume occupied within a polyp, and in the number of polyps with gonads of one sex. The latter result may have been largely an artifact of the former.
Sequence of gametogenesis

Spermatogenesis
Four distinct stages of sperm development were identified. Stage I (Fig. la) . Spermaria usually < 30 pm diameter; primary spermatocytes surrounded by a thickened spermatogonial wall. Stage 1 1 (Fig. lb) . Testes of varying size (up to 200 pm); secondary spermatocytes with a characteristic 'hollow circle' appearance. Stage 1 1 1 (Fig. lc) . Large (usually > 100 pm diameter) testes; densely staining spermatids; testis not vacuolated. Stage IV (Fig. Id) . Mature sperm with tails; the middle of the testis often vacuolated or the whole testis loosely packed with sperm. Stage IV sperm were sometimes observed free in the coelenteron, although this may be due to histological technique. No sperm were seen to be shed from live colonies, either in the field or in aquaria. Neither was any structure seen which resembled a 'spent' testis. Presumably, after sperm are shed, the now thin membraneous covering of the testis is resorbed.
Oog enesis
Staging of oogenesis was more arbitrary than for spermatogenesis and was primarily based on the size of the oocyte. Four stages were chosen, to reflect: very immature ovaries, the early stages of oocyte development, ova near maturity, and mature ova.
Stage I (Fig. 2a) . Multiple oocyte ovary; oocytes < 50 pm (smallest oocytes were 10 pm in diameter).
Stage II (Fig. 2b) . Single oocyte ovary; oocytes < 50 pm, although usually > 30 pm diameter. Stage 1 1 1 (Fig. 2c) .
Oocytes from 50 to 70 pm diameter; nucleolus usually well developed and intensely staining, occasionally dispersed throughout the nucleus; granular cytoplasm invested with numerous small vacuoles. Stage IV (Fig.  2d) . Oocyte >70pm diamter (up to 116pm); usually surrounded by a darker membrane and contracted slightly from the ovary wall; cytoplasmic vacuoles enlarged; nucleus and nucleolus less obvious than in the previous stage. The transition from Stage I to Stage I1 reflects a reduction in the number of oocytes per ovary similar to that reported in the early development of female gonads in Pocillopora damicornis from the Great Barrier Reef (Harriot 1983) and Stylophora pistillata from the Red Sea (Rinkevich & Loya 1979a) . Ovaries started with up to 4 Stage I oocytes which were usually reduced to 1 during the early stages of development. Occasionally, older oocytes, up to Stage IV, could be seen in pairs or triplets. In many cases, an ovary containing a Stage 111 or IV oocyte would have 1 or 2 small Stage I oocytes developing at its base.
Cytoplasmic vacuoles increased in size during development of the oocyte. These were probably lipid storage areas with the lipid being lost during tissue processing.
polyps adjacent to, and sometimes within the same polyp as, those with ova of various sizes from Stage I to IV. However, despite the observation of hundreds of contemporaneous eggs and developing planulae in 29 heads over 2 or 3 cycles of planulation, no cleavage, blastula, or gastrula stages were found.
The smallest planulae detected were oval-shaped, ciliated and had tissue already differentiated into endodermal and ectodermal layers with mesoglea apparent. The most distinctive feature in the recognition of planulae was the characteristic squamous ectodermal cells. Planulae continued to differentiate during brooding, developing mesenteries when ca 200 to 300 pm in length and later, when nearing 1000 pm, developing stomodeum and tentacles (Fig. 3) .
Timing of Gametogenesis
Embryogenesis Spermatogenesis
No developmental stages connecting the largest ova The most complete set of data for gametogenesis was (116 pm diameter) with the smallest planulae (160 pm the PSP series in which collections were taken at length) were detected in any of the 486 sections intervals of from 4 to 14 d over approximately 3 to 4 examined. Planulae of various sizes were found in lunar cycles in summer 1982-83 (Fig. 4 ). Even at this intensity of sampling, parts of the cycle may be absent The period between consecutive peaks or lows of the and the interpolation between collections made many cycle for each sperm stage was visually estimated from days apart may be misleading. Despite these gaps, 3 these plots and the average of 18 such estimates was complete cycles of spermatogenesis were clearly visi- 
Oogenesis
Cycles of oogenesis were less obvious than those of spermatogenesis, primarily as there was less variation within stages between collections. This may be due to a more continuous production of some stages, or to the more arbitrary delineation of stages. Some peaks were apparent in plots of the average abundances (especially for Stage 111) and again these followed a lunar cycle. Stage IV ova were rarely encountered and presumably occupied a short period in the cycle. The composite cycle was not easily resolved into a time sequence for stages of ova, perhaps due, in part, to between-cycle and between-season variation.
Comparison of cycles of oogenesis and spermatogenesis suggested the synchronous development of sperm and ova rather than one maturing before the other. This was particularly apparent for the Stage 111 gametes, with ova peaking on Day 26 of each of the 3 reproductive cycles followed intensively in the summer of 1982-83, and sperm on Days 18 to 25,26 and 27.
Planulae
The presence of planulae within a sample was usually obvious, as medium to large planulae completely filled the coelenteron of a polyp. Although planulae most commonly occurred singly, polyps with 2 or 3 mature planulae were sometimes found and on one occasion, a polyp with 6 planulae was found. The distension of polyps by planulae caused the live coral to develop a dark-spotted appearance when near planulation. As a test of the efficacy of histology in detecting planulae, the results of overnight shedding tests were compared to the results of histology for each head in these collections. Planulae were shed in 34 of 82 tests, and histological analysis revealed planulae in all but 3 of these tests. Additionally, histology revealed planulae in 21 heads of the 48 which did not shed planulae; presumably these were immature planulae.
Planulae were detected only in 18 samples collected between lunar Days 13 and 1. The proportion of individuals containing planulae in a collection increased over this period from about 23 % to a maximum of about 85 % at Day 27 but then dropped rapidly to 10 to 15 % by Days 29 and 1. A comparison of data for the 4 yr, 1980 to 1983, from collections taken during this period when planulae were likely to be present (lunar days 13 to 1 inclusive), showed collections from the summer months (late Dec to early Apr) to be much more likely to contain planulae than collections from the rest of the year (p < 0.001, Chi-Squared Test): 17 of 26 collections in the summer had planulae, but only 1 of 18 collections in the winter had planulae. In the single collection containing planulae outside the summer months, only 1 head of 11 collected had planulae. Thus, the production of planulae had both a lunar and a seasonal component. If records of gametogenesis from all parts of the lunar cycle were examined for the same seasonal divisions a similar, but less pronounced, trend was evident: all 32 collections in summer had gametogenesis, but 7 of the 28 collections in winter failed to show gametogenesis (p <0.01 Chi-Squared Test).
Planulae were detected frequently in the same head on a number of consecutive occasions during a single cycle. By comparing the maximum sizes of planulae seen in a head on consecutive collections, it was possible to estimate their growth rates. Estimates using the heads of collections taken from Salmon Point on 31 Jan, 4 Feb and 9 Feb, 1983 (PSP 10, 11, 12) yield an average daily growth rate of 59.3 pm (s.d. 47.5 pm, n = 11) for the first period and 64.6 pm (s.d. 36.4 pm, n = 15) for the second. Estimates of growth rates of planulae from the Mary Cove site (PMC series) taken over similar periods, were more variable between periods (92.3 pm (s.d. 11.1, n = 3 ) and 44.4pm (s.d. 36.7, n = 6), but with an average of 60.4 pm, quite comparable.
Taking an average growth rate for both sites of 61.8pm d-' and assuming that growth was linear, it would take the smallest planulae (160 pm) 21 d to grow to the size of the largest (1440pm), or 15 d to the average maximum of the two 9 Feb collections (990 pm). Within single cycles, planulae were seen commonly in the same head for up to 15 d, although the variation in developmental stage seen at any one time meant that these could encompass several 'waves' of planulae. Indeed, planulae were seen to be shed at both sites in both the 4 Feb and 9 Feb collections.
The relation between timing of oogenesis and embryogenesis was puzzling. In what was probably the first cycle likely to produce planulae for the 1982-83 season in the PSP and PMC series, mature ova and sperm were seen in profusion in 28 of 31 heads over Days 18, 24 and 28 for PSP and Days 18 and 24 for PMC (no sample was taken of PMC on Day 28) without the appearance of a single planula. Planulae were first seen in Day 13 of the following cycle, where they appeared most commonly in heads in which ova past Stage I1 and sperm past Stage I11 were not seen to develop until after a further 4 d (Fig. 4 , 5, 6 & 7). In the following cycles of this summer, planulae developed either before mature gametes (PSP) or without any detectable gametes (PMC). As stages containing only immature gametes were found between successive occurrences of mature gametes and planulae, it is improbable that the gametes of one cycle produced the planulae of the next, unless the early stages of embryogenesis were unrecognizable as such, or developed externally.
Synchrony
Visual comparisons of gametogenesis between heads within the Salmon Point and Mary Cove sites ( Fig. 6 & 7) showed that if heads were producing gametes, both the stage and abundance of these gametes were similar. In an attempt to produce a statistic which would allow objective testing of synchrony, the average dissimilarity between the histograms of Fig. 6 Average dissimilarity calculated between sites for the 9 occasions when both sites were sampled simultaneously was 34.7 (s.d. 5.31) for sperm and 31.0 (s.d. 3.67) for ova; again using a random sample of 11 heads from PSP. These values are also below 50 ' 10 (p < 0.001, T-test) but are significantly greater than those of the single-site values (p < 0.001, Mann-Whitney U Test).
This may be due to the earlier cessation of reproduction in some of the Mary Cove (PMC) individuals. Fig.  6 & 7 show clearly that during the first summer cycle (Nov-Dec) both sites had very similar cycles. However, after the first period of planulation with peak gonad development (early Jan), gametogenesis in the Mary Cove population largely ceased. In 2 subsequent cycles, less than 50 ' 10 of heads developed ova and less than 60 % sperm in the first, then 30 % and 20 'h, respectively in the second.
Multiple reproduction
Sequential planulation over the summer was the normal pattern of reproduction with 19 ' 10 of tagged heads developing 3 batches of planulae, 61 % two batches, 13 % one batch and 6 ' 10 none.
Although the frequency of planulation was similar between the PSP and PMC series, the PSP heads showed multiple cycles of gametogenesis, while many of the PMC heads ceased to produces gametes after Jan.
DISCUSSION
Developmental origins of planulae
Despite an intensive histological study of gametogenesis, the developmental pathway leading to a brooded planula remains equivocal. While all coral heads which produced planulae also produced gametes, developmental stages connecting gametes and planulae were not found. Indeed, for all coral heads examined sequentially, planulae appeared before gametogenesis was complete in at least one reproductive cycle, and in 8 of these, planulae were found without apparent oogenesis in the preceding 29 d. Early embryogenesis has never been reported in studies of gametogenensis for Pocillopora damicornis (Harrigan 1972 , Harriot 1983 or for any coral which broods its young (Rinkevich & Loya 1979a , b, Kojis & Quinn 1981b , Fadlallah & Pearse 1982a . One interpretation of these features is that the origin of these brooded planulae does not involve the internal development of ova.
Nevertheless, several aspects of the present histological study are consistent with an origin of planulae from ova. These are: the absence of planulae from heads in which gametes were never seen; similar seasonal trends in gametogenesis and the production of planulae; the high ratio of sperm to ova (which would be predicted for ova fertilized internally by externally shed sperm); the occurrence of multiple planulae in a polyp in numbers of up to 6 (the number of ovaries per polyp). The absence of stages connecting ova and planulae may have been due to a rapid development of 'fertilized ova to ciliated larvae. If sperm were released in the evening or at night and development was 18 of the 20 heads for the 15 samples of the PSP series; heads 15 and 20 were never found with gametes; (b) 11 heads for 11 of the 13 samples of the PMC series; no gametes were found in Sample 1 and the tissues of Sample 3 could not be assigned to individuals. In both (a) and (b), lunar days of the same cycle are connected by underlining abrupt, samples taken during the day may not have contained early developmental stages. Externally fertilized ova of Astrangia danae develop into larvae within 6 to 8 h (Szmant-Froelich et al. 1980) . In contrast to this, most other reports of the development of externally fertilized ova to ciliated larvae suggest a longer period. Times vary from around 24 h for Porites andrewsi (Kojis & Quinn 1981b) and Paracyathus stearnsi (Fadlallah & Pearse 1982b) to near 48 h for Goniastrea cf. flavulus (Kojis & Quinn 1981a) and Caryopyllia smithi (Tranter et al. 1982) . If developmental times for Pocillopora damicornis embryos are similar to these instances, the current intensity of sampling should have revealed pre-gastrula stages. An alternative explanation for the absence of early embryogenesis may be that its stages were unrecognizable as reproductive structures until the squamous ectoderm, characteristic of planulae, appeared. In summary, the total absence of stages connecting ova and planulae of P. damicornis appears to outweigh the circumstantial evidence in favour of the internal development of ova to form planulae.
Seasonal and lunar patterns
If Pocillopora damicornis from Rottnest Island is at all representative of corals which brood young, the variation in gametogenesis and planulation recorded here between sites, heads and samples stresses the need for caution in interpreting the results of other reproductive studies. Unless sampling designs take account of both lunar and seasonal cycles of gametogenesis and planulation, variation in either cycle could obscure the existence of both. Planulation of P. damicornis from the Great Barrier Reef is recorded as having a lunar periodicity which varies with season (Marshal1 & Stephenson 1933 , Harriot 1983 , but a seasonal component to abundance is only reported by the latter author. This disagreement may result from disparate sampling regimes, as the comparison of samples from different seasons will be misleading unless they are taken at appropriate periods in the lunar cycle. Values for the proportion of heads found planulating during a given study, such as 39 % for Harrigan (1972) and 16% for Harriot (1983) are probably meaningless without the exact collection times, with respect to lunar phase and season.
A number of lunar cycles of planulation are reported to occur without any influence of season on phase, for Pocillopora damicornis from Hawaii and Enewetak (Richmond & Jokiel 1984) . Two morphs (each composed of a number of clones; Stoddart in press) which occur on the same reef in Kaneohe Bay, Oahu, Hawaii, exhibit distinctly different lunar timing of planulation which reacts differently to changes in environmental parameters (Richmond & Jokiel 1984) . The synchrony of development of gametes and planulation seen in reproductively active heads for this study discount such a polymorphic response to lunar phase in P. damicornis from southwestern Australia. However, both heads which did not produce gametes or planulae (PSP 15 and 20) and those which were rarely found in reproductive condition (PSP 3 and 19) all possessed the same genotype. This genotype was not shared with any other head studied reproductively and histologically. Thus, a pervasive effect of genotype on reproduction may be present in P. damicornis from both southwestern Australia and Hawaii.
As Pocillopora damicornisfrom southwestern Australia planulates strictly seasonally, with a single fixed lunar periodicity for planulation and gametogenesis within and between sites, its reproductive pattern is distinct from that of P. damicornis from the Great Barrier Reef and Hawaii. Its period of peak planulation, last quarter to new moon, is similar to type 'Y' P. damicornis from Hawaii (Richmond & Jokiel 1984) and August-November records from the Great Barrier Reef (Marshal1 & Stephenson 1933 , Harriot 1983 . The massive production of both gametes and planulae by the corals of this study differentiates them from P. damicornis of the eastern Pacific which have been inferred to be largely inactive in gametogenesis and planulation (Richmond 1981 , Highsmith 1982 on the basis of a lack of larval settlement (Birkeland 1977). Thus it seems that no 2 studies of P. damicornis reproduction yield similar patterns, a result which could be due to dissimilar environments, distinct gene pools, or differing methods and criteria for measuring reproductive performance.
Jokiel & Guinther (1978) demonstrate sensitivity of planulation levels in Pocillopora damicornis from Hawaii to shifts in temperature of as little as 1 C", with an optimum of 26 to 27 "C. Therefore, seasonality in planulation may be primarily mediated by variation in sea temperature. The present study was conducted in an area with a large seasonal variation in sea temperature (over 10 C") where corals planulated at times of maximum water temperature, probably 25 to 26 "C (Stoddart 1984b) . Seasonal variation in water temperature is less marked at Lizard Island, the site of Harriot's study, where there is a range of 4 C" (Kinsey 1977 ). Yet, there is a substantial seasonal component to the abundance of planulae, with minimum abundances coincident with minimum sea temperatures (Harriot pers. comm., April 1983) . In contrast, the year-round planulation of P. damicornis in Kaneohe Bay, Hawaii (Harrigan 1972 , Stimson 1978 , Richmond & Jokiel 1984 occurs over a 7.7 C" range (Richmond & Jokiel 1984) , while at Enewetak, Marshal1 Islands, with a seasonal temperature variation of 4.8 C" (Richmond & Jokiel 1984) , the number of heads planulating in summer is almost double that in winter (Stimson 1978) . Thus, although environmental parameters may differ between study sites, these differences do not fully explain the distinct reproductive patterns of P. damicornis populations from these sites.
Two options available to polyps at non-optimal temperatures are, either increase the period of the cycle of gametogenesis, or cease reproduction and abort or resorb the gametes. The former option may result in the phase shift reported for Great Barrier Reef populations, although more intensive sampling is needed to document this shift adequately. The increase in the proportion of heads seen without gametes in the PMC series during the latter stages of the 1982-83 reproductive season may reflect the second option.
Confirmation of multiple reproduction within a season by discrete coral heads pushes the level of analysis down a further step. Do polyps reproduce more than once per season? As rarely more than 60 % of polyps in any single histological section contained gametes or planulae, the answer may be 'No'. However, the sampling design to test such an hypothesis will not be able to use a technique such as histology, which precludes repeated sampling to the same polyp.
In summary then, this study of gametogenesis and planulation in Pocillopora damicornis at its southern limit of distribution in Western Australia revealed that: (1) spermatogenesis and oogenesis occur concurrently within heads but are not necessarily precursors of planulation; (2) gametogenesis and planulation occur mainly in spring-summer (Nov-Mar) and follow a lunar cycle; (3) reproductive cycles are synchronized within and, to a lesser extent, between sites; (4) individual coral heads may have several (up to 3) cycles of maturing gametes and planulae per season.
